Road transport is increasing all around the globe and biofuels have come to the forefront of public interest. According to Article 3, Directive 2009/28/EC, each member state has to ensure that an energy share from renewable sources in all forms of transportation reaches at least 10% of the final consumption of energy in transportation until 2020. The blending of biofuels is one of the methods available to member states to meet this target and it might even be expected to be a main contributor. This article analyses and compares selected biofuels, their chemical properties and their influence on engine operational parameters. The operational parameters of the diesel engine of the Skoda Roomster 1.4 TDI were measured on a chassis dynamometer according to the NEDC driving cycle, and pure diesel fuel, HVO and a blend of fuels (diesel fuel, HVO and butanol) were used for comparison. Operation on biofuels shows a slight decrease in performance parameters up to 10% and an increase in emission production (especially CO in the case of D50H30B20). Positive influences of biofuels were proven with a decrease in exhaust gas opacity and particulate matter production, up to 50% in the case of D50H30B20.
Introduction
The consumption of fossil fuels keeps growing together with a significant increase in sales of diesel vehicles in Europe. Emissions coming from these vehicles have an impact on both human health and the environment [1] [2] [3] [4] [5] [6] . The European Union (EU) regulates emissions production by introducing more strict limits. The EU is also going to implement more onerous driving cycle WLTPs (Worldwide Harmonized Light Vehicles Test Procedures).
The aim of the regulations of the EU is to increase the proportion of renewable energy up to 10% by the year 2020 in order to reduce the production of greenhouse gases, especially CO 2 [7] .
The blending of biofuels is one of the methods available to member states to meet this target and it might even be expected to be a main contributor. This is a real imperative because the mandatory percentage target for energy from renewable sources is likely to become increasingly difficult to achieve sustainably as the overall demand for energy in the transportation segment continues to rise.
Bioethanol and fatty-acid-methyl-ester (FAME) are the most commonly used biofuels in Europe. Vegetable oil may be processed in other ways than transesterification, which produces FAME. Performance parameters and opacity of exhaust gases were measured using the pure diesel fuel, the HVO and the blended biofuels D50H30B20 (50% vol. diesel, 30% vol. HVO and 20% vol. butanol). Other operating parameters were measured on the chassis dynamometer under NEDC driving cycle conditions. The schema of the experiment is shown in Figure 1 . In the first stage, the vehicle's performance parameters were measured on a chassis dynamometer. In the second stage of the experiment, the opacity of exhaust gases for each tested fuel was measured using opacimeter Atal AT-605 (ATAL, Tábor, Czech Republic) (technical specification, see Table 2 ). The opacimeter's smokiness measuring method was in accordance with ECE R24 directives for measuring by free acceleration method. In the third stage of the experiment, the operational parameters of the tested vehicle were measured under NEDC driving cycle. Classification of PM was analysed by the engine exhaust particle sizer (EEPS) TSI model 3090 whose detailed specification is shown in Table 3 . The analyser enables detection of particle sizes and monitors their number. The obtained data are presented as a size range of produced particles. The measured sample was taken from the exhaust gas and then was In the first stage, the vehicle's performance parameters were measured on a chassis dynamometer. In the second stage of the experiment, the opacity of exhaust gases for each tested fuel was measured using opacimeter Atal AT-605 (ATAL, Tábor, Czech Republic) (technical specification, see Table 2 ). The opacimeter's smokiness measuring method was in accordance with ECE R24 directives for measuring by free acceleration method. In the third stage of the experiment, the operational parameters of the tested vehicle were measured under NEDC driving cycle. Classification of PM was analysed by the engine exhaust particle sizer (EEPS) TSI model 3090 whose detailed specification is shown in Table 3 . The analyser enables detection Energies 2019, 12, 1388 4 of 12 of particle sizes and monitors their number. The obtained data are presented as a size range of produced particles. The measured sample was taken from the exhaust gas and then was diluted by the device. Within the experiments, only the relative changes in the production of PM in the diluted exhaust gas were evaluated. During the measurements, vehicle operating data from the engine control unit was recorded via the OBD interface (engine speed, engine load, speed, MAF, IAT). Car diagnostic system VAG-COM was used for communication and recording data from the OBD.
The fuel consumption was measured by the laboratory scale Vibra AJ 6200 (Shinko Denshi CO. LTD, Tokyo, Japan) (technical specification, see Table 5 ). In the last stage of the experiment, the following chemical parameters of selected fuels were measured: 
Results of Chemical Properties
The density of the mixture (Table 6 ) is influenced by a lower density of both the HVO and butanol compared to the diesel fuel. As the fuel is dosed by volume, we can expect a slight loss of power and an increase in fuel consumption with respect to the quotient of butanol. Biobutanol as an alcohol with a short hydrocarbon chain has a lower calorific value compared to the diesel fuel and HVO, which will manifest in the mixture. Pure butanol has also a very low cetane number compared to the diesel fuel, but the presence of HVO positively compensates for this value. The amount of the HVO cetane number given by the manufacturer is >70.0 units. Therefore, HVO acts in the mixture as a suitable additive in increasing the cetane number. Both the butanol and the HVO have very good low-temperature properties characterized by the values of cloud point and cold filter plugging point (CFPP). The CFPP value of the clean diesel fuel reached −17 • C and the cloud point parameter was −5 • C.
The use of biobutanol at low temperatures is characterized by a crystallisation temperature that is much lower than the CFPP of winter diesel fuel. The CFPP value of pure HVO normally corresponds to the value of winter diesel fuel and there are no complications at low temperatures, compared to the case of conventional biodiesel in the form of FAME. The cloud point parameter is very close to CFPP in the case of pure HVO.
The tested mixture was also stable at very low temperatures and therefore does not require the use of stabilisers. This is a very important finding as the commercially used bioethanol shows difficult stability in mixtures at low temperatures. That is why the use of biobutanol seems preferable, which is further reinforced by the fact that biobutanol is not hydroscopic compared to bioethanol.
Ingredients of biobutanol have significant impact on the flash point value. While diesel fuel is characterized as a III hazard class inflammable product with the flash point value >55 • C, the value of the flash point of the mixture was only 35 • C. Flash point, however, is used for classification in liquids hazard classes. However, the resulting blend is characterized as a II hazard class flammable product; such a decrease of flash point is irrelevant to the process of combustion.
It is necessary to take this parameter into account to ensure safety during storage and handling of the mixture.
Results of Performance Parameters
The results of performance parameters for each fuel are shown in Figure 2 . It is evident that the best performance parameters have been reached by using pure diesel fuel while the other biofuels reached little bit lower values of power and torque. As shown in Table 7 , diesel reached 60 kW and a Table 8 shows the emission parameters of the individual fuels. In terms of CO2 emissions, the highest production was reached with D50H30B20 fuel. Both fuels based on HVO exceeded the EU4 emission limits except the CO emission. 
Results of Emission Parameters

Results of Opacity
The results of exhaust gas opacity are shown in Figure 3 . The highest opacity, 36.2%, was detected for the pure diesel fuel. HVO exhibited an opacity slightly below 26.8% and the lowest opacity was measured for D50H30B20-just 15.9%. Table 8 shows the emission parameters of the individual fuels. In terms of CO 2 emissions, the highest production was reached with D50H30B20 fuel. Both fuels based on HVO exceeded the EU4 emission limits except the CO emission. 
Results of Emission Parameters
Results of Opacity
The results of exhaust gas opacity are shown in Figure 3 . The highest opacity, 36.2%, was detected for the pure diesel fuel. HVO exhibited an opacity slightly below 26.8% and the lowest opacity was measured for D50H30B20-just 15.9%. Figure 3 . Exhaust gas opacity of tested fuels. Table 9 shows the fuel consumption of the individual fuels used. In order to partially eliminate the error in fuel mass consumption at NEDC due to the different distances travelled during the cycle, the consumption was recalculated to volume consumption per 100 kilometres. The difference in HVO and D50H30B20 between consumption mass and volume per hundred kilometres depends on a significantly lower HVO density (780 kg•m −3 ) compared to mixed fuel D50H30B20 (810 kg•m −3 ). The lowest consumption was exhibited by diesel fuel (4.94 L•100 km −1 ). On the contrary, HVO reached the highest consumption per 100 km, namely 5.64 L•100 km −1 . Mixed fuel D50H30B20 had the second lowest consumption of the three measured fuels. This is due to a higher proportion (50%) of diesel fuel in the mixture and a lower proportion of HVO. Generally, changes in consumption are due to the different calorific values of the fuels: diesel fuel 45.5 MJ•kg −1 , HVO 44.0 MJ•kg −1 , butanol 32.5 MJ•kg −1 . Thus, fuel D50H30B20 has a total calorific value of 42.45 MJ•kg −1 . Hence the calorific value of these fuels is comparable and therefore the increase in consumption is relatively low. Figure 4 shows the instantaneous flow of the whole measured particle size spectrum of the exhaust gas during UDC driving cycle. There are more pronounced PM production peaks for diesel fuel, especially at every acceleration and deceleration period. Table 9 shows the fuel consumption of the individual fuels used. In order to partially eliminate the error in fuel mass consumption at NEDC due to the different distances travelled during the cycle, the consumption was recalculated to volume consumption per 100 kilometres. The difference in HVO and D50H30B20 between consumption mass and volume per hundred kilometres depends on a significantly lower HVO density (780 kg·m −3 ) compared to mixed fuel D50H30B20 (810 kg·m −3 ). The lowest consumption was exhibited by diesel fuel (4.94 L·100 km −1 ). On the contrary, HVO reached the highest consumption per 100 km, namely 5.64 L·100 km −1 . Mixed fuel D50H30B20 had the second lowest consumption of the three measured fuels. This is due to a higher proportion (50%) of diesel fuel in the mixture and a lower proportion of HVO. Generally, changes in consumption are due to the different calorific values of the fuels: diesel fuel 45.5 MJ·kg −1 , HVO 44.0 MJ·kg −1 , butanol 32.5 MJ·kg −1 . Thus, fuel D50H30B20 has a total calorific value of 42.45 MJ·kg −1 . Hence the calorific value of these fuels is comparable and therefore the increase in consumption is relatively low. Figure 4 shows the instantaneous flow of the whole measured particle size spectrum of the exhaust gas during UDC driving cycle. There are more pronounced PM production peaks for diesel fuel, especially at every acceleration and deceleration period.
Results of Fuel Consumption
Results of PM Production
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Results of PM Production
In EUDC driving cycle ( Figure 5 ), significant increases in particle concentration are evident at acceleration, especially at higher speeds.
Using HVO, particulate matter production in the full range of the spectrum decreases approximately 10% compared to diesel. Lower particle production in HVO is due to lower ignition, so the burning time of the fuel is longer. Other influences may be differences in the molecular structure or the absence of highly volatile components compared to diesel fuel. Mixed fuel D50H30B20 reached a significant decrease of 53% in PM production compared to diesel fuel (see Table 10 ). Such a difference is due to the lower kinematic viscosity of the mixture (2.35 mm 2 ·s −1 ), which results in better fuel spraying and mixing with air. The second, more dominant, effect on particulate matter number reduction in D50H30B20 is a butanol component, which is more flammable and therefore supports better combustion. Better combustion of this mixture is also due to higher oxygen content in butanol. By mass, the proportion of oxygen in the fuel mix is 10.9%, while the other two fuels do not contain any. In EUDC driving cycle ( Figure 5 ), significant increases in particle concentration are evident at acceleration, especially at higher speeds. Using HVO, particulate matter production in the full range of the spectrum decreases approximately 10% compared to diesel. Lower particle production in HVO is due to lower ignition, so the burning time of the fuel is longer. Other influences may be differences in the molecular structure or the absence of highly volatile components compared to diesel fuel. Mixed fuel In EUDC driving cycle ( Figure 5 ), significant increases in particle concentration are evident at acceleration, especially at higher speeds. Using HVO, particulate matter production in the full range of the spectrum decreases approximately 10% compared to diesel. Lower particle production in HVO is due to lower ignition, so the burning time of the fuel is longer. Other influences may be differences in the molecular structure or the absence of highly volatile components compared to diesel fuel. Mixed fuel Table 10 summarizes measured data for individual fuels and divides particulate matters according to their size. The total number of measured PM (6.4-560 nm) and the number of PM that sets the emission limits (i.e., 23-560 nm) are given. The measured vehicle fulfils the EURO 4 emission limit (6 × 10 11 PN·km −1 ). According to results of total PM production (23-560 nm), the vehicle exceeded the Euro 4 limit. This result can be influenced by the used method of PM detection, which does not separate vaporisable particles and these are included in the total number of measured PM that current legislation does not omit. Figure 6 shows the PM production at steady-state vehicle speed 50 km·h −1 . Axis x shows the particle diameter calculated from equivalent electrical mobility, because it is difficult to directly measure particles that do not have a spherical shape. Its diameter is thus defined as an equivalent spherical particle that behaves equally in the electric field compared to measured particles. The y-axis shows the relative concentration of PM in the diluted exhaust gas, that is, the number of particles per cm 3 .
the other two fuels do not contain any. Table 10 summarizes measured data for individual fuels and divides particulate matters according to their size. The total number of measured PM (6.4-560 nm) and the number of PM that sets the emission limits (i.e., 23-560 nm) are given. The measured vehicle fulfils the EURO 4 emission limit (6×10 11 PN•km −1 ). According to results of total PM production (23-560 nm), the vehicle exceeded the Euro 4 limit. This result can be influenced by the used method of PM detection, which does not separate vaporisable particles and these are included in the total number of measured PM that current legislation does not omit. Figure 6 shows the PM production at steady-state vehicle speed 50 km•h −1 . Axis x shows the particle diameter calculated from equivalent electrical mobility, because it is difficult to directly measure particles that do not have a spherical shape. Its diameter is thus defined as an equivalent spherical particle that behaves equally in the electric field compared to measured particles. The yaxis shows the relative concentration of PM in the diluted exhaust gas, that is, the number of particles per cm 3 . The highest particulate concentration (25,000 PN cm −3 ) was reached on diesel fuel ranging from 55 to 60 nm. The second highest concentration (20,000 PN cm −3 ) was measured for HVO ranging from 45 to 55 nm. The lowest particulate concentration (15,000 PN cm −3 ) was for mixed fuel D50H30B20, from 45 to 50 nm.
The course of the curves shows that the use of diesel fuel produces the highest number of particles larger than 40 nm. The opposite effect is for particles smaller than 30 nm, where diesel fuel emits the least. Based on the magnitude spectrum, the positive effect of the butanol component in the mixed fuel can be attributed to a reduction in total particle number production.
Discussion
The aim of this study was to analyse and compare selected biofuels, their chemical properties and their influence on engine operational parameters. The operational parameters of the diesel engine Skoda Roomster 1.4 TDI were measured on a chassis dynamometer according to the NEDC driving cycle and pure diesel fuel, HVO and a blend of fuels (diesel fuel, HVO and butanol) were used for the comparison. The comparison of performance parameters is presented in external speed characteristics. Emission parameters and PM production during driving cycle were quantified.
Diesel appears to be the best fuel in terms of fuel consumption, followed by HVO, and the worst fuel consumption was reached by fuel D50H30B20. In contrast, [19] showed that fuel consumption "Neste Pro Diesel" (9.15% HVO in diesel) is lower than regular diesel. However, the NEDC driving cycle was not used in this study.
The highest opacity of 36.2% was detected for the pure diesel fuel. HVO exhibited an opacity slightly below 26.8% and the lowest opacity was measured for D50H30B20-only 15.9%.
The results of our study are in agreement with studies of [20, 21] which state that higher reduction of smoke opacity is shown in alternative fuels.
The values of instantaneous smoke opacity for alternative fuels were notably lower than those for reference fuel. These reductions were more important in cases of alternative fuels because, besides polyaromatics (a common characteristic of both fuels), the presence of oxygen in this fuel also favours lower soot generation [22] .
Measured emission parameters of HVO and D50H30B20 were very similar in all parts of NEDC, presented in the study [23, 24] .
The results of the study [25] also show that biofuels significantly affect the combustion engine pollutants. In particular, biofuels containing HVO or butanol exhibit lower smokiness and up to 40% less NO production.
CO emissions were reduced with HVO alternative fuel especially during the first urban cycle where these emissions were very high. These trends suggest that the composition of alternative fuels supports a cleaner combustion [26] . In the case of our study, the highest concentration was measured in D50H30B20 fuel and HVO fuel showed a lower concentration of CO. The results of NOx and CO emissions in the study [27] , dealing with the influence of HVO blends on emissions, report these results: NO x for diesel fuel 0.136 g·km −1 and for HVO 0.325 g·km −1 , CO for diesel fuel 0.147 g·km −1 and for HVO 0.153 g·km −1 . This study shows these numbers: NOx for diesel fuel 0.151 g·km −1 and for HVO 0.251 g·km −1 , CO for diesel fuel 0.173 g·km −1 and HVO 0.050 g·km −1 .
The PM production had a significant peak by acceleration mode during the cycle. The lower mass concentration at steady speeds may partly be explained by higher amounts of air (higher relative air-to-fuel ratio) available for combustion: higher air concentration provides better burnout of the fuel particles, thus leading to lower mass concentrations [28] .
The measured values of the performance parameters in this study shows that the ingredients of HVO and butanol reduces power and torque. The same conclusion was reached in the study [29] , where the performance parameters also decreased with the addition of HVO and butanol (e.g., their fuel nBu30-HVO70 reduced engine power by 6-8%).
The disadvantage of alternative fuel D50H30B20 is lower lubrication ability. That is why it is necessary to use the lubricant additives. According to the prescribed minimum lubricity of 460 µm for fuels to diesel engines, the addition of lubricant additives was not required, because the lubricity of mixture D50B20 (70% vol.) reaches about 420 µm and lubricity of HVO (30% obj.) is 560 µm [30] .
The advantage of using D50H30B20 is displayed in the cleaning of the fuel system and also in the ability to use it without any technical modification of the engine (most of the engines are ready to use D50H30B20).
Conclusions
The objective of the experiment was to analyse the D50H30B20 fuel mixture, which consists of biofuels by 50%. Selected biofuels are in the case of both HVO and butanol characterized as II generation biofuels. Also in the case of combination of HVO and biobutanol, it is possible to use materials from different renewable sources.
The study demonstrated that the HVO exhibits 26% less opacity compared to the diesel fuel. The blended D50H30B20 fuel exhibits even lower opacity, by 56% lower than pure diesel. A similar situation can be observed in PM production, where a decrease of more than 50% in the case of D50H30B20 was reached. Biofuels proved slightly lower power parameters (10% lower) than pure diesel, but depending on the production of emission parameters, the power difference is minimal. In the case of emission production, the results of tested biofuels proved slightly worse. The emission of CO, CO2 and CO reached higher values compared to diesel fuel. Both fuels based on HVO exceeded the EU4 emission limits except the CO and HC emissions.
The potential of the mixture is also in maximizing the use of alcohol, which is more suitable for gasoline engines, but in terms of environmental sustainability, production of harmful emissions and biodiversity, it is a promising and reliable energy source.
